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lEVELOPMElW OF AEGATION SEXSORs FOR ADVANCED REWTRY vEHICIJ3S 

By Peter J. LeBel and James M. Russell I11 
Aerospace Technologlsts 

NASA Langley Research Center 
-ley Station, Haupton, Va. 

Three sensors t o  measure the ablation param- 
e te rs  of advanced heat-shield materials during 
reentry have been developed by the Instrumnt 
Research Division of the I?ASA Langley Research 
Center. 

The make wire sensor i s  designed t o  measure 
r a t e  of recession of the  char layer interface in  
a charring ablator,  while the l igh t  pipe and 
spring wire sensors are designed t o  measure mate- 
r i a l  surface recession rates.  These sensors have 
been extensively tes ted i n  arc-jet  f a c i l i t i e s  t o  
evaluate t h e i r  performance in a simulated reentry 
heating environment. The results of these tests 
indicate that each of the  three types i s  capable 
of measuring materid surface (or char interface) 
position t o  an accuracy in the order of 0.01lnch. 
The sensors have been f l i g h t  tes ted on a Scout 
reentry vehicle i n  a nosecap of the Project Apollo 
heat-shield material a t  heating conditions approx- 
Fmating those t o  be encountered during atmospheric 
reentry from a lunar mlssion. 

This paper will describe the design and mode of 
operation of the  make wire, l igh t  pipe, and spring 
wire sensors and t h e  rermlts of the development 
program undertaken t o  qualify them for f l igh t .  

IRfTRoIlucTION 

The increasing number of manned space mlssions 
emphasizes the importance of extensive and often 
sophisticated instrumentstion t o  monitor the many 
systems i n  the spacecraft and insure its safe 
return t o  earth.  One of the most important of 
these systems i s  t h e  ablative heat shield w h i c h  
gives the spacecraft and i t s  occupants thermal 
protection during the  c r i t i c a l  period of reentry 
i n t o  the ear th 's  atmosphere. In  order t o  assess 
the  thermal protection efficiency of a heat 
shield,  instrumentation i s  needed t o  measure the 
thermal and physical changes which occur i n  the 
heat shield during the reentry period. Ablation 
sensing instrumentation is  also a useful too l  i n  
the  ground development and evaluation of thermal- 
protection materials. 

Figure l i s  a photograph of a cross section of 
a typ ica l  charring ablator and serves t o  I l l u s -  
trate t h e  measurement regions of interest .  

Desirable measurements include r a t e  of recession 
of the ablator surface, r a t e  of recession of the  
interface between the char layer and the virgin 
material, surface temperature, and temperature 
gradients through the  material. 
ac te r i s t ics  of any ablation sensor are  that it 
accurately and rel iably measure one or more of 
these parameters with a minimum effect  on the  
themalproper t ies  of the  heat shield. 

Important char- 

ABLATION SENSING TECHNIQUES 

RecoepLzing the importance of ablation infornra- 
t ion,  a m y  was conducted t o  determine the 
feas ib i l i ty  of developing f l i g h t  instrumentation 
t o  rake the required measurements. All known 
existing sensor techniques and several new and 
unique suggestions were studied. Based on t h i s  
survey, it was decided t o  pursue the development 
of three of these techniques which appeared t o  
overcome some of the basic measurement problems. 
These were the make wire sensor t o  measure ra te  
of recession of the  char layer interface and the 
l i @ t  pipe and spring wire sensors t o  measure 
ablator surface recession rate .  The development 
and operation of these sensors i s  described i n  
detai l  i n  the following paragraphs. 

MAKE WIRE ABLATION SENSOR 

Many of the  recently developed ablation mate- 
r ia l s ,  when subjected t o  heat, decompose and form 
a residue or "char" vhich exhibits a high elec- 
trical conductivity. The make wire sensor u t i -  
l izes  t h i s  high conductivity t o  provide a measure- 
ment of the  position of the  interface between the 
char and virgin material as a function of time. 

The sensing element consists of a pair  of elec- 
t r i c a l l y  open circuited wires imbedded i n  the 
ablation material. 
the char interface reaches the location of the 
sensor and the resistance between the  wires 
decreases. 
actuate electronic c i rcui t ry  which provides the 
proper signal for the  spacecraft telemetry system. 
Up to  eight pairs  of wires stepped i n  depth in a 
s i n g l e  plug of ablator provide a measure of char 
interface recession rate .  

k i n g  the ablation process, 

This impedance change is  used t o  



Important advantages of t h i s  device a re  i t s  
simplicity, inherent re l iab i l i ty ,  and a b i l i t y  t o  
withstand the severe environment associated with 
space vehicles. I n  addltion, the sensor i s  not 
affected by the  ionized plasma surrounding a 
reentry vehicle, and the effects  of the sensor 
upon the thermal and physical properties of the 
ablation msterial have been minimized. 

F1gp-e 2 i s  a photograph showing the various 
stages of assembly of the  make wire sensor. The 
sensing elements are  fabricated from 10-mil- 
diameter platinum wire. Platinum was chosen 
because when heated, it does not form an inau- 
la t lng  oxide which would interfere  with the wire- 
to-char contact. A 30-mil-diameter head i s  formed 
on one end of the  wire. This provides large sur- 
face area to  insure good contact with the char 
with a minimum of foreign material imbedded i n  the 
heat shield. A cylindrical  plug of ablator i s  
machined into three sections. Pairs of  wires are  
f i t t e d  in to  10-mil grooves machined in to  the  cen- 
ter section a t  each depth. The three sections of 
ablator a re  then bonded together with epoxy resin 
t o  form a cylindrical  plug. Up t o  eight pairs  of 
wires may be inserted i n  an 0.5-inch-diameter plug 
of ablator I n  this manner. 

The sensor plug i s  attached t o  a bakelite car- 
tridge which contains mounting rings fabricated 
from printed c i rcu i t  board. One r ing provides a 
common connection for one wire of each pair .  The 
second r ing provldes a mounting lug for  the sec- 
ond wire of each pair  and for shielded lead wires. 
Resistors (100 KR) are soldered between the 
mounting rings t o  provide a means for checking 
sensor lead continuity. The ent i re  assembly i s  
bonded t o  the sensor plug and f i l l e d  with epoxy 
resin.  
and made an integral  par t  of the  heat shield. 

The completed sensor i s  then bonded into 

Figure 3 is a schematic of the  signal condi- 
tioning circui t ry  developed for the make wire sen- 
sor. This circui t ry  was designed around a bis ta-  
ble sol id  s ta te  switch (Q2) which becomes con- 
ducting with a small posit ive potent ia l  change a t  
i ts  input and thereafter remains conducting 
regardless of any M h e r  posit ive or negative 
change a t  the input. Circuit operation may be 
explained as follows: 
the sensor, the resistance between the  wires 
begins t o  decrease causing Q l ' s  base-to- 
collector potential  t o  decrease. When this volt-  
age reaches a predetermined level, Q1 conducts, 
current flows in to  the base of Q which conducts, 
and voltage is produced a t  terminal E.  Incorpo- 
ration of t ransis tor  Q1 permits operation of the 
sensor a t  ground potential  and eliminates the pos- 
s i b i l i t y  of shorting the power supply should the 
char becane grounded. Use of t h i s  c i rcui t ry  m i n i -  
adzes variations in sensor output due t o  char con- 
t a c t  resistance and, In  addition, reduces any pos- 
s ib le  effects that the random variations of the  
ionized plasma might have on sensor output. Each 
c i rcu i t  element requires a volume of 0.2 cubic 
inch, weighs 0.2 ounce, and requires 30 milliwatts 
of power. 

AB the char layer reaches 

Each sensing element and associated signal 
conditioning c i rcu i t  w i l l  yield one data point of 
char interface recession. 
when plotted together describe the ra te  of 
recession of the char layer interface.  

Several data points 

LIGHT PIPE ABLATION SEnSOR 

The l igh t  pipe ablation sensor u t i l i z e s  a high 
melting point opt ical  f iber  t o  channel the l igh t  
present a t  the surface of an ablating heat shield 
t o  a photoresistive diode located a t  a remote, 
lower temperature point i n  the  ablator.  
changing resistance of the diode, as a result of 
the l igh t  input, i s  used t o  provide a measurement 
of material surface recession. 

The 

When the ablation process occurs ( f ig .  4),  the  
area above the end of the  l igh t  pipe becomes a 
source of radiation. As the material surface 
ablates,  t h i s  area approaches the end of the  l i g h t  
pipe causing an increase i n  the  l igh t  transmitted 
t o  the photodetector, as shown by the diode cur- 
rent versus time curve. A predetermlned current 
level  (I1 
relate surface position with time i s  selected 
experimentally. 
i n  the ablator w i l l  provide surface posit ion data 
which can be correlated with time t o  yield reces- 
sion rate. 

in f ig .  4) which can be used t o  cor- 

Several sensors a t  various depths 

The infrared rejection f i l t e r  i s  designed t o  
improve sensor accuracy by making it less sensi- 
t i v e  t o  the  infrared emission (wavelengths longer 
than 0.7 micron) from the low temperature area 
near the char layer interface.  

S m a l l  physical s ize  coupled with l igh t  weight 
i s  achieved i n  the fabrication of the  aensor. 
The measurement i s  unaffected by the ionized 
plasma surrounding a reentry body or by the elec- 
t r i c a l  conductivity of the char m e r .  I n  addi- 
t ion,  the effect  of the l i g h t  pipe sensor on the 
thermal and physical properties of  the  material 
has been minimized. 

The sensor elements a re  imbedded i n  the 
l/k-inch-diameter plug of the ablation materlal. 
Figure 5 shows the l igh t  pipe sensor i n  both dis- 
mantled and assembled s ta tes .  
material w e d  i s  0.016-inch-diameter synthetic 
w h i t e  sapphire (Al2O3). The selection of t h i s  
material was based upon i t s  high melting point 
(57000 F) and mechanical strength character is t ics .  
The selection of an infrared f i l t e r  material was 
based on a consideration of the desired s p e c t m  
t o  be f i l t e r e d  (wavelengths longer than 
0.7 micron). 
photoresist ive diode that decreases i n  resistance 
with increasing l i g h t  intensi ty  incident upon a 
photosensitive crystal .  This par t icular  device 
was chosen because of i t s  small physical s ize  
(0.080 inch diameter), high operating temperatwe 
capabi l i ty  (2500 F) , and spectral  response. 

The l i g h t  pipe 

The photodetector i s  a s i l icon 



Arc-Jet Tes ts  

Tests have been conducted i n  Langley Research 
Center e lec t r ic  arc j e t  f a c i l i t i e s .  The advan- 
tages of these t e s t s  include the a b i l i t y  t o  
carefully control t e s t  conditions, large specimen 
s ize  which permits the simultaneous test of sev- 
e r a l  sensors, and most important, the a r c  j e t  
provides a bet ter  ground simulation of the reentry 
heating environment. 

The make wire, l igh t  pipe, and spring wire 
sensors were tes ted in a variety of advanced 
ablators. 
composites which consisted of phenolic, epoxy, or 
other resins f i l l e d  with organic or inorganic 
materials i n  the form of powder, f ibers ,  or micro- 
balloons. The results of these t e s t s  indicate the 
general applicabili ty of these techniques t o  this 
class  of materials . 

All of these materials were charring 

To date more than 60 ablation sensor t e s t s  have 
been conducted i n  the arc- je t  f a c i l i t i e s  a t  
heating rates from 80 t o  800 Btu/ft2-sec i n  vari-  
o w  gaseous environments with stream temperatures 
up t o  a maximum of 7,0000 F. 

Ground Tes t  Results 

As an arample of the t e s t  procedure, figure 8 
i s  a p lo t  of the results of an arc-jet  t e s t  of a 
3-inch-diameter specimen of low-density Apollo 
type ablator containing make wire and l igh t  pipe 
sensors. The heating ra te  was 100 Btu/ft2-sec 
with a i r  as the heating environment. Plotted i s  
material thickness of the specimen i n  inches ver- 
sus t e s t  time in seconds. The specimen was sub- 
jected t o  the stream u n t i l  the recession caused 
the last sensor t o  be activated. A t  this t i m e ,  
the  specimen was removed frmnthe jet. The final 
location of the -ace (or char layer interface) 
a s  predicted f m m  the data i s  compared with the 
micrometer-measured position t o  obtain sensor 
accuracy. In t h i s  case, for the  l igh t  pipe sen- 
sors a s  an example, the predicted mater ia l thick-  
ness from the  data was 0.79 inch and the 
micrometer-measured thickness was 0.80 inch 
yielding an accuracy of 0.01 inch. 
urements can be made for the make wire sensor. 
The Y - a x i s  separation between the curves repre- 
sents t h e  changing thickness of the char layer as 
a function of time. 

Similar meas- 

It should be emphasized that  using this tech- 
nique, only the last data point can be checked for 
accuracy. Photographic techniques have been 
employed i n  an e f for t  t o  obtain a continuous cor- 
re la t ion  of recession with time with limited suc- 
cess. The accuracy of the  fib data i s  uncertain 
for two reasons. 
a t  an angle, or may burn more rapidly a t  the cen- 
ter than a t  the  edges. 
not be detected optically.  Second, variations in 
the  index of refraction due t o  the hot gases may 
mask t h e  t rue surface location. Because of these 
Ilmitations,  other techniques for externally 

F i r s t ,  the  specimen may ablate 

This type of ablation can- 

monitoring material ablation in the ground fac i l -  
i t y  are  being studied. 

Figure 9 i l l u s t r a t e s  the data f r o m  a t e s t  of 
a 3-inch-diameter Apollo type ablator specimen 
instrumented with four spring wlre and four l igh t  
pipe sensors. This  test was conducted a t  a 
heating rate of 200 Btu/ft2-sec i n  a i r .  
again, material thickness of the  specimen in 
inches versus t e s t  time in seconds is plotted. 
Both sensors predicted the f i n a l  surface location 
t o  within 0.01 inch of the actual measured posi- 
t ion,  and the maximum separation or deviation 
between the t w o  curves a t  any t i m e  is  l ess  than 
0.01 inch. 

Once 

These resul ts ,  typical  of many arc-jet  t e s t s  
over a wide range of t e s t  conditions, indicate 
that  the make wire, l igh t  pipe, and spring wire 
sensors are capable of measurements in the order 
of 0.01inch in severel advanced ablation 
materials. 

Flight Tests 

The final phase of the  sensor development pro- 
gram includes an evaluation of the sensor per- 
formance i n  a reentry environment. To date, one 
such f l i g h t  test has been completed. Four sen- 
sors of each type were instal led in LRC Scout 
Reentry payload R-4 in a nose cap of the Apollo 
heat-shield material and boosted t o  a reentry 
velocity of 28,m f e e t  per second. The data 
indicated that both t h e  make wire and spring wire 
sensors functioned properly and provided informa- 
t ion on the  recession rate of the Apollo ablator. 
Three of the  four l igh t  pipe semors malfunctioned 
and it has been concluded that this malfunction 
was due t o  an error  in payload wiring rather than 
a sensor fa i lure .  Details of the R-4 f l igh t  t e s t  
are  contained in a classif ied NASA Technical 
Memxandwn. 

Several additional sensor f l igh t  t e s t s  are 
planned with a variety of advanced ablators under 
f l igh t  conditions varying from a simulated l i f t i n g  
reentry t o  a t ra jectory which wi l l  simulate 
reentry from a lunar mission. Same of the pay- 
loads w i l l  be recoverable t o  permit a detailed 
examination of the material and Instrumentation 
that has been subjected t o  the reentry env i romnt .  

Three sensors t o  measure the in-fl ight thermal 
parameters of an ablative reentry vehicle heat 
shield have been developed a t  the NASA-Langley 
Research Center. These include the make wire sen- 
sor t o  measure ra te  of recession of the  char layer 
interface and the spring wire and l i g h t  pipe sen- 
sors t o  measure surface recession rate .  The 
resul ts  of extensive ground t e s t s  i n  arc-jet  
f a c i l i t i e s  indicate a measurement accuracy i n  
the order of 0.01 inch for each of the three 



An alternate configuration employs a s  many as 
s i x  sensing elements i n  a single 0.5-inch-diameter 
plug of ablation material. 
t h i s  fabricAtion technique is  the  lack of a method 
t o  check the calibration of completed sensors. 

The disadvantage of 

s i p 1  conditioning c i rcu i t ry  developed f o r  
the l i gh t  pipe senaor i s  simllar i n  design and 
operation t o  the  make wire sensor circuitry pre- 
viously described. 

The practicabill ty of the l igh t  pipe sensor as 
a temperature indicator has been investigated and 
the measurement appears feasible. Preliminary 
t e s t s  involved the use of a l igh t  pipe sensor and 
an iridium-iridium rhodium thermocouple ins ta l led  
a t  the same depth in a specimen of ablator. The 
l i gh t  pipe sensor was calibrated i n  terms of tem- 
perature by use of a tungsten source t o  approxi- 
mate black body radiation. The data showed that 
the l ight pipe sensor and thermocouple outputs 
tracked each other well but were separated by 
300° F. These results indicate that the major 
development problem may be establishment of a 
technique for accurately calibrating the sensor 
output i n  terms of temperature. The advantage of 
such a device would be measurement of temperature 
t o  3700' F i n  a reentry environment and large 
signal output (5 volts) wlth no amplificatian. 

SPRING WIm SENSOR 

Ablation sensors must generally be custcnn 
designed for a particular application or a epe- 
c i f l c  material. The spring wire sensor, however, 
i s  designed t o  obtain a measurement of ablation 
material surface recession r a t e  i n  a wide variety 
of charring and noncharrlng ablators. 

The spring wire sensor ( f ig .  6) consists of a 
metal tube attached t o  a snap action switch. A 
0.003-inch-diameter tungsten wire i s  fixed t o  the 
leaf spring of the switch, passed through and 
attached t o  the end of the tube with the  spring 
held i n  tension. The tubing i s  Imbedded i n  the  
ablator a t  the desired depth shown as "a" and the 
switch assembly (occupying a volume of 0 . 1  cubic 
inch) i s  fastened t o  the ablator substructure 
with mounting screws. A s  t he  material ablates t o  
the location of the sensor the very steep temper- 
ature gradient a t  and Juat beyond the surface 
softens the  tubing and releases the wire, allowing 
the switch t o  close. The output from a series of 
these units stepped i n  depth i n  the ablator w i l l  
measure material surface recession r a t e  when cor- 
related with time. 

The spring wire sensor measurement i s  
unaffected by the  . i d z e d  plasma or by the elec- 
t r i c a l  conductivity of the char layer. 
since the sensor output i s  a posit ive ewltch 
closure, only a simple voltage divider resistance 
network i s  needed to  provide the proper signal 
for the telemetry system. 

Also, 

The choice of material for the support tube i s  
dictated by the expected surface temperature of 
the ablator; 0.020-inch OD tungsten-rhenium tubing 
has been used successfully with high-temperature 
ablators such as the  Apollo heat-shield material. 
For lower temperature ablators, molybdenum, aluml- 
num, and stainless-steel  tubing have been used 
successfully; 0.003-inch-diameter tungsten wire 
has worked w e l l  as  the spring wire. 
a photograph of the spring wire sensor assembly 
showing both a single sensor and a ganged assembly 
of four sensors. 

Figure 7 i s  

The length of wire or aupport tubing and the 
configuration of the switch may be a l te red  t o  
conform t o  the configuration of the  f l i gh t  pay- 
load without affecting the operation of the  sen- 
sor. A n  alternate approach t o  the sensor design 
is  t o  eliminate the support tube and anchor the 
wire d i rec t ly  t o  a fine metal disk imbedded i n  
the ablator. The operation of the sensor i n  this 
case i s  the same as  previously described, the 
material surface reaches the location of the sen- 
sor, the disk melts and releases the wire allowing 
the switch t o  close. This design has been suc- 
cessfully used i n  materials such as Teflon which 
do not form a weak char layer during ablation. 

neVEL0F"T TEST PROGRAM 

The program which was undertaken t o  develop 
and qualify ablation sensors for f l i gh t  included 
f eas ib i l i t y  t e s t s  using an oxygen-acetylene torch 
and arc-jet  t e s t s  for the best possible ground 
simulation of the reentry heating environment. 
Each of these t e s t s  i s  described br ie f ly  i n  the 
following paragraphs. 

Feas ib i l i ty  Tests 

T o  obtain an indication of the prac t icabi l i ty  
of various ablation sensing techniques, labora- 
tory t e s t s  were conducted using an oxygen- 
acetylene torch a s  the heat source. 
t e s t s  a single sensor plug was imbedded i n  a 
j/&-inch-diameter ablator sample. Heating con- 
dit ions were varied by adjusting nozzle size,  
distance from nozzle t o  sample, and gas composi- 
t ion.  Sensor output was Observed on a recording 
oscillograph. Heating ra tes  from 100 t o  
300 Btu/ft2-sec and run times t o  80 seconds were 
obtained. 

For these 

The r e su l t s  of these t e s t s  indicated the 
f eas ib i l i t y  of make wire, l i gh t  pipe, and spring 
wire measurements i n  several advanced ablation 
materials and established the basic sensor 
design. To determine precise system accuracies 
i n  a more r e a l i s t i c  oxidizing environment and 
one tha t  be t te r  simulates reentry heating, arc- 
j e t  tests were conducted. 



types. The ablation sensors have undergone 
complete environmental t e s t s  and have been 
f l igh t  tes ted  i n  a reentry environment i n  a 
nose cap of the Apollo heat-shield material. 
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